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The data were presented, in part, at the 7th International Conference on HHV-6 and HHV-7; February 27-March 2, 2011; Reston, Virginia. Accepted for publication Sep 10, 2014 Neurodevelopment is a dynamic process that begins in embryogenesis, continues throughout childhood, and is vulnerable to perturbation from a wide array of exposures. Brain development includes the growth and migration of neurons in prenatal life followed by synapse formation and myelination through early childhood, with subsequent synaptic pruning continuing into adulthood. 1 Environmental exposures that can affect neurodevelopment include lead, methylmercury, and ethanol, with outcomes dependent in part on the dose and timing of exposure. Congenital cytomegalovirus (CMV) infection is an environmental exposure that can also cause neurodevelopmental disability, with severe disease manifesting at birth in a small minority of children. Sensorineural hearing loss, a recognized effect of congenital CMV infection, may occur alone or with other disabilities, may not develop until early childhood, and has the potential for progressive impairment over time. 2 Human herpesvirus-6 (HHV-6), a b herpesvirus closely related to CMV, infects all children, usually in infancy, and often induces a primary undifferentiated febrile illness, with a minority of children exhibiting the syndrome of roseola infantum. 3 After the primary infection, HHV-6 remains latent or persistent in several systems of the body, including the central nervous system. [4] [5] [6] Two species of HHV-6 have been identified, HHV-6A and HHV-6B, with differences noted in epidemiology and disease associations. 7 Although it is believed that most infants acquire HHV-6 infection from the saliva of asymptomatic adults, congenital infection with HHV-6 occurs in an estimated 0.99% (95% confidence interval [CI]: 0.87 to 1.11]) of newborns. 8 The mechanisms responsible for this mode of transmission have been recently determined with 86% of congenital infections resulting from chromosomal integration of HHV-6 (ciHHV-6). The remaining 14% may be transplacental infections from ciHHV-6 in the mother. 9 ,10 HHV-6 is unique among the human herpesviruses in that the whole viral genome is integrated into one of several different human chromosomes at the telomere in 0.2% to 0.8% of the population and passed from parent to child in the germline via Mendelian inheritance. 11, 12 The clinical relevance of congenital infection with HHV-6 is undefined but may be similar to CMV and associated with developmental disability.
To determine if congenital HHV-6 infection has an impact on early neurodevelopmental outcome, we performed a prospective double-blind, controlled study comparing infants with congenital HHV-6 infection versus those without congenital infection. A sensitive set of neurocognitive assessments were used, including a global test of mental development and several specific tests of sensory, perceptual, and cognitive functioning.
METHODS

Study Participants
Parents of term ($36 weeks' gestation) infants born at Strong Memorial Hospital, Highland Hospital, or Rochester General Hospital in Rochester, New York, were invited by letter to enroll in the study if there was a cord blood sample available for testing. Infants with congenital HHV-6 infection were defined as those who had HHV-6 DNA present in their cord blood mononuclear cells. At least 1 matched control infant without HHV-6 congenital infection was selected and approached for enrollment for each infant with congenital HHV-6 infection. Matching criteria included gender, race/ethnicity, date of birth (within 4 weeks), gestational age (within 2 weeks), and mother' s age (within 10 years). Enrollment visits were conducted at 2 to 4 weeks of age or as soon as possible after the parents expressed an interest in the study. Once enrolled, a urine sample was obtained for CMV testing, and all infants with CMV detected in the urine were excluded. All investigators and staff involved in enrollment and infant developmental testing were unaware of the infants' HHV-6 status. All parents of enrolled newborns were also unaware of the HHV-6 status of their child. Because of this blinding, multiple control children were enrolled to ensure at least 1 match would be identified for each child with HHV-6 congenital infection. The recognition that congenital infection with HHV-6 was caused by both ciHHV-6 and transplacental infection was defined after the study had begun and, therefore, the infants with congenital infection were not initially categorized as having ciHHV-6 or transplacental infection, and the numbers of each type of subjects were not considered in the original design. The Research Subjects Review Board of the University of Rochester approved the study, and all parents provided written informed consent.
Study Protocol
At the initial study visit, information was obtained regarding the birth history of the child, maternal smoking, and alcohol consumption during pregnancy. Parents also self-reported family demographic information (Table 1) . At subsequent visits, parents provided interval histories for the child and information on breastfeeding. Other covariates measured included parental intelligence via the Kaufman Brief Intelligence Test (KBIT) and an observer-rated Caldwell Bradley-based instrument (PROCESS) for maternal caregiving. Although the Parenting Stress Index was also completed, the results were highly skewed, suggesting substantial response bias from the parents; it was therefore not included in the analyses. In addition, we collected information on newborn hearing screening performed for routine care. An audiology evaluation (behavioral hearing testing; visual reinforcement audiometry or conditioned play audiometry) was performed as part of the study between 12 and 24 months of age.
Assessments of Infant Neurodevelopment
The Fagan Test of Infant Intelligence
The primary outcome of the Fagan Test of Infant Intelligence is novelty preference; the proportion of time the infant spends looking at a novel stimulus in relation to time looking at a previously presented stimulus. The secondary outcome is fixation duration, which is the mean duration of each look at a stimulus. Novelty preference is a measure of visual recognition memory, whereas fixation duration measures the speed of information processing and attention. [13] [14] [15] [16] Novelty preference and fixation duration measured in infants are modest predictors of later IQ and specific cognitive abilities. [17] [18] [19] [20] The Visual Expectation Paradigm For the Visual Expectation Paradigm (VEXP), infants view a sequence of animated images that appear and disappear at different locations on a video monitor (typically alternating from left to right to left). The VEXP measures the latency to react to a stimulus with a saccadic eye movement. The saccade reaction time measure of the VEXP is an index of attentiveness and speed of information processing. 13, 21, 22 The VEXP also measures anticipatory behavior (proportion of predictive saccades to a future stimulus location), which reflects memory and attention, 13 and off-task behavior, a possible measure of inattention. 21 Previous research has shown that infant saccade reaction time normally declines during the first 2 years of life, with the decline following a negative exponential function. 21, 23 Studies have also shown that both reaction time and anticipatory behavior in infancy are modest predictors of IQ and specific cognitive abilities in childhood. 22, 24, 25 The Bayley Scales of Infant Development II
The Mental Development Index (MDI) of the Bayley Scales of Infant Development II (Bayley-MDI) is a global measure of the achievement of cognitive developmental milestones and was administered at 12 months of age. Due to the greater time and resources required for MDI testing, only children with HHV-6 congenital infection and the subset of matched control children were included in this testing. MDI testing at 24 months of age was planned but not completed in the great majority of subjects because of delayed enrollment and insufficient time for full follow-up.
Laboratory Methods
Nested polymerase chain reaction for HHV-6 was conducted. Cord blood mononuclear cells were isolated and used to detect HHV-6 DNA. Chromosomal integration was confirmed by detecting HHV-6 DNA in hair follicle specimens as described previoulsy. 9 The polymerase chain reaction protocol was as published and followed by oligo hybridization with specific probes for HHV-6A and HHV-6B. This assay reliably detects #10 genomic copies. 3 
Statistical Analysis
Demographic and baseline characteristics were compared between the HHV-6 congenital infection and control groups by using 2 sample t tests for continuous variables and x 2 or Fisher' s exact tests for categorical variables. To evaluate the association between the Bayley MDI scale at 12 months of age and HHV-6 congenital infection status, multiple linear regression analysis was conducted, with the Bayley MDI score as the dependent variable and the HHV-6 congenital infection status as the independent variable. Covariates included child gender, gestational age, breastfeeding status at 6 months, maternal KBIT score, quality of maternal caregiving, age at testing, and the Hollingshead Index of Social Status. The final regression model was decided by using best subset model selection with minimum Akaike's information criterion. Robust linear regressions were fitted if observations with high ). An additional 5 subjects were excluded from the analyses at 12 months because 2 were ,36 weeks' gestation at birth and 3 did not complete the 12-month assessment, leaving 39 subjects. Of the 39 children with HHV-6 congenital infection evaluated at 12 months of age, 37 had hair follicle samples available for testing and 32 (86%) had ciHHV-6. Thirty-three infants had congenital infection with HHV-6B and 6 had HHV-6A (Supplemental Table 3 ). There was no recognizable syndrome due to congenital infection with HHV-6 noted at birth in any of the infants.
A total of 242 control infants without HHV-6 congenital infection were also enrolled. 
Infant Neurodevelopmental Testing
No significant differences were identified in demographic characteristics at enrollment between the 39 infants with congenital HHV-6 infection and the 63 matched control infants included in the Bayley MDI testing (Table 2) . Similarly, the 63 matched control infants and the 136 control children who were not included in the Bayley-MDI testing had the same baseline characteristics except for scores on the Hollingshead Index of Social Status.
The mean 6 SD MDI score at 12 months of age in the infants with HHV-6 congenital infection was 103.4 6 8.9 (range: 86-122) and in the matched control children, the mean score was 105.4 6 ; P = .02). Post hoc analyses using robust regression were also performed with the type of congenital infection as the independent variable with identical covariates, and the results found that children with ciHHV-6 had significantly lower MDI scores than matched control children (mean difference: 4.1 [95% CI: 0.0 to 8.2]; P = .05). There were no differences between children with transplacental infection and matched control children.
Results of the Fagan Test of Infant
Intelligence indicated no differences between infants with and without congenital HHV-6 infection for novelty preference, mean fixation duration for familiarization trials, or mean fixation duration for novelty preference trials. However, mean fixation duration reported the expected decline with age for both the familiarization trials (estimate: -0. A repeated measures analysis of VEXP also showed the expected decline in saccade reaction time with postnatal age (estimate: -2.72 [95% CI: -4.08 to -1.36]), but reaction time did not differ according to congenital HHV-6 infection status in unadjusted or adjusted models (P = .82). Moreover, there was no suggestion of an age by congenital HHV-6 infection status interaction (Fig 1) . Similarly, the analyses of the secondary outcomes (anticipatory behavior and inattentive behavior) revealed no significant differences between the 2 groups (Figs 2 and 3).
No infant had hearing loss identified by results of the newborn screening. Seventeen children with HHV-6 congenital infection (15 with ciHHV-6) and 68 control children underwent audiology evaluations from 12 to 24 months of age. No child had any identifiable hearing loss (95% CI: 0.0 to 17) detected at that time.
DISCUSSION
We prospectively evaluated a group of infants with congenital HHV-6 infection and a control group of infants without congenital infection and found that the children with infection had significantly lower scores at 12 months of age on the Bayley-MDI score. In a post hoc subset analysis, the difference in Bayley-MDI score between the congenital infection group and the control group was also identified in children with ciHHV-6. The number of infants with transplacental infection was too small to draw any conclusions. The association between HHV-6 congenital infection and Bayley-MDI scores is a novel finding but consistent with what is known of the biology of HHV-6 and the clinical characteristics of postnatal infection. Evidence suggests that HHV-6 not only infects the central nervous system but may be pathogenic. HHV-6 B is associated with seizures and febrile status epilepticus; in immunocompromised hosts, reactivation is associated with cognitive dysfunction, delirium, and posttransplant acute limbic encephalitis. 3, [26] [27] [28] [29] Although these links between HHV-6 infection and neurologic disease have been identified, this study is the first to evaluate the early neurodevelopmental impact of congenital HHV-6 infection.
HHV-6 is a b herpesvirus similar to CMV and causes congenital infection in approximately the same percentage of the population. However, unlike congenital CMV infection, we did not detect any clinical manifestations at birth of congenital infection with HHV-6, nor did we identify hearing loss; however, our numbers may have been too small to detect these outcomes. The risk of severe disease due to congenital CMV infection is greatest in women who acquire primary infection during early pregnancy, suggesting the absence of prior immunity is associated with the risk of infection and disease in the fetus. 30 Unlike CMV, HHV-6 infection occurs in essentially all children by 3 years of age, and thus all pregnant women have had previous HHV-6 infection. Preexisting immunity in the mother may be one reason why infants with congenital HHV-6 infection have no recognizable illness at birth and are protected against severe disease during the newborn period. However, unlike congenital CMV infection, only a minority of infants with congenital HHV-6 infection have transplacental infection (14%), with the majority of congenital infection due to ciHHV-6 (86%). 9 Because ciHHV-6 is due to complete viral integration into the telomere region of a human chromosome, the virus is present in every nucleated cell of the embryo from conception. 31 In this setting, the presence of maternal immunity may not play a role during the early stages of development before the transfer of maternal antibody. Our current limited data suggest that although HHV-6 is present in the developing fetus, it does not appear to cause major anomalies but may possibly exert a more subtle effect on the child' s neurodevelopment that might become manifest with time.
The Bayley-MDI is an accepted measure of mental development in infants and toddlers. 32, 33 Studies have shown a significant correlation between the MDI at 24 months of age and the Wechsler Preschool and Primary Scale of Intelligence-Revised full-scale IQ at 5 years of age, suggesting the MDI is a reliable and accurate measure of cognitive development. 34 We found that infants with congenital HHV-6 infection scored .4 points lower on the MDI at 12 months of age than control children after controlling for covariates. Although this difference is small, research on wellrecognized neurotoxins, such as lead, have reported similar differences in MDI scores associated with varying levels of exposure during gestation. Hu et al 35 found a decrease of 4.1 on the MDI at 24 months of age in infants in association with maternal plasma concentrations of lead in the first trimester of pregnancy. A decrease of 3.8 points on the MDI score was also reported for 12-month-old children in association with maternal cocaine use. 36 Our finding needs to be confirmed, but the observed decrease in the Bayley score gives credence to the possibility that congenital infection with HHV-6, and specifically ciHHV-6, may exert significant detrimental effects on infant cognitive development. The clinical significance of this finding deserves further study, especially if these small differences noted in infancy result in progressive effects over time.
Conversely, our study found no differences between the infants with congenital HHV-6 infection and control subjects on the Fagan Test of Infant Intelligence and the VEXP. This finding may be due to the timing or specific types of developmental effects of congenital HHV-6 infection during infancy.
The strengths of the present study include the prospective, double-blind, and longitudinal design with repeated and overlapping neurodevelopmental assessments of the enrolled infants. Despite these strengths, however, there are
FIGURE 2
Unadjusted mean values of VEXP anticipatory behavior by age and group.
FIGURE 3
Unadjusted mean values of VEXP inattentive trials by age and group.
limitations. Congenital HHV-6 infection occurs in only 1% of the population, making it difficult to study large numbers of infected newborns. In addition, the length of follow-up of the cohort was limited to ,2 years of age, a time at which subtle defects in neurodevelopment are difficult to identify and precisely define. Due to the longitudinal design, subject attrition was also a limitation. Finally, we were unable to fully evaluate the effect of ciHHV-6 and transplacental infection separately due to the timing of the study and the much larger number of subjects that would be required for each group. The effect of other factors related to chromosomal integration (eg, the chromosome that is the site of integration and possible differences in pathogenicity between HHV-6A versus HHV-6B) will also require much larger numbers of subjects for study and were beyond the scope of this investigation.
CONCLUSIONS
Our data suggest that congenital HHV-6 infection may be associated with cognitive impairment at 12 months of age as noted on the Bayley-MDI, with a magnitude similar in effect to well-known environmental toxins. Because congenital infection with HHV-6 is present in ∼1 in every 101 births, further study of the neurodevelopmental effects of HHV-6 congenital infection during infancy and later childhood are warranted.
